We present the Ðrst model of resonant heating of coronal loops that incorporates the dependence of the loop density on the heating rate. By adopting the quasi-static equilibrium scaling law o P Q5@7, where o is the density and Q is the volumetric heating rate, we are able to approximate the well-known phenomena of chromospheric evaporation and chromospheric condensation, which regulate the coronal density. We combine this scaling law with a quasi-nonlinear MHD model for the resonant absorption of Alfve n waves in order to study the spatial and temporal dependence of the heating. We Ðnd that the heating is concentrated in multiple resonance layers, rather than in the single layer of previous models, and that these layers drift throughout the loop to heat the entire volume. These newfound properties are in much better agreement with coronal observations.
INTRODUCTION
The wealth of data obtained with the Soft X-ray Telescope (SXT) observations of the solar corona by Yohkoh and the Solar and Heliospheric Observatory (SOHO) reinforces the picture of the corona as a highly structured, magnetically dominated, and sometimes highly dynamic environment. The several-million-degree plasma in the solar corona is contained in a large number of discrete magnetic loops, clustered in active regions. The exact mechanism that leads to the formation of the active regions or the hot plasma is still uncertain. However, resonant absorption of Alfve n waves appears to be a good candidate (Zirker 1993 ; Ofman, Davila, & Shimizu 1996) .
Possible evidence for the presence of Alfve n waves in the corona is the observations of the UV spectrum that suggest nonthermal velocities of approximately 10È20 km s~1 Doschek, & Feldman Many UV obser-(Cheng, 1979) . vations indicate nonthermal velocities greater than 20 km s~1 (e.g., & Nicolas & Kjeldseth-Moe 1977 ; Hassler Rottman Nonthermal softÈX-ray line broadening, 1990) . which may correspond to velocities of order 50 km s~1, was observed above quiescent active regions with the Soft X-Ray Polychromator (XRP) aboard the SMM et (Acton al.
Saba & Strong recently rea-1981) . (1986, 1991a, 1991b ) nalyzed the softÈX-ray lines from the XRP data and found nonthermal motions of 30È40 km s~1 above active regions. The nonthermal motions were suggested as possible signatures of MHD wave heating.
The resonant absorption of Alfve n waves was Ðrst suggested as a coronal-loop heating mechanism by Ionson and since then, it has been extensively studied by (1978) , many researchers (for a review, see Priest, & Ulmschneider, Rosner In this model, a loop is heated most efficiently 1991). at a particular resonance frequency that is determined by the geometry and density structure of the loop. E †ectively, two resonance conditions are involved in the heating process : (1) the ideal Alfve n-wave resonance condition u \ where u is the Alfve n wave frequency, is the k z v A (x), k z wavenumber parallel to the magnetic Ðeld, and is the v A (x) local Alfve n velocity at spatial position x ; and (2) the resonant coupling of the driver to the coronal-loop motions that correspond to the ideal "" quasi-mode ÏÏ or "" collective mode ÏÏ (in which all parts of the loop oscillate at the same frequency, or collectively). & Kerner showed that the "" quasi-mode ÏÏ is Poedts (1991) the eigenmode of resistive MHD. Poedts, Goossens, & Goossens (1989, 1990a) Poedts, used steady state calculations in resistive compress-(1989) ible linear MHD to determine the fractional absorption spectrum of one-dimensional cylindrical loops and investigated the e †ects of the global mode in this context. Poedts et al. and & Kerner integrated in time (1990b) Poedts (1992) and space the time-dependent resistive compressible linear MHD equations to determine the temporal evolution of resonant absorption in one-dimensional cylindrical loops. They determined the transient and the steady state phases of resonant absorption and investigated the inÑuence of the global modes on the temporal evolution of resonant absorption.
calculated the absorbed energy Hollweg (1990) resulting from resonantly driven Alfve n waves in a "" thick ÏÏ density interface, using the ideal linearized compressible steady state MHD approach in Cartesian geometry, for a range of densities, driving frequencies, and wavenumbers.
Recently & Davila and Davila, Steinolfson (1993) Ofman, & Steinolfson investigated the resonant absorption (1995) of Alfve n waves in the low-b approximation (b is the ratio of thermal to magnetic pressure) via solutions of the resistive time-dependent linearized compressible MHD equations. The authors have approximated the coronal loop by a slab with a density gradient perpendicular to the background magnetic Ðeld and along the direction corresponding to the loop radius. Thus, the loop acts as a resonance cavity for MHD waves. They have veriÐed the importance of the global mode in the heating process for a large range of loop parameters. They have also investigated numerically the parametric dependence of the time to reach steady state and the resonant-layer width on the Lundquist number and on the loop density (see also & Mouradian ComOfman 1996) . parison with more approximate analytical models generally showed a good agreement (e.g., & Goossens Tirry 1996) . The study of resonant absorption was recently extended into the nonlinear regime in two (e.g., et al. and Belie n 1996) three dimensions (e.g, & Davila Ofman 1995) . All of the linear and nonlinear models su †er from a common deÐciency : they do not include the coupling between the loop density and heating and the chromosphere. The physical dependence of density on heating is a direct consequence of the close energetic and dynamic coupling between corona and chromosphere. Field lines that are strongly heated Ðll with chromospheric material that is "" evaporated ÏÏ by the large excess heat Ñux conducted downward from the corona. Field lines that are weakly heated lose material that cools, drains, and ultimately "" condenses ÏÏ onto the chromosphere. An equilibrium is achieved only when the density attains the right value for the combined radiation from the corona and transition region to balance the heating exactly (approximately one-third of the input energy is radiated from the corona, and two-thirds is thermally conducted down to the transition region to be radiated). When this occurs, the density o and volumetric heating rate Q are related according to o P Q5@7, as discussed below.
Most resonance absorption models assume a loop density proÐle that decreases gradually from a maximum at the loop axis to a minimum outside of the loop and is driven monoperiodically. The resulting heating is highly concentrated in a thin layer at the radial position where the ideal Alfve n-wave resonance condition is met. The above will hold even for a broadband Alfve n wave spectrum for a Ðxed loop geometry & Davila Hence, most of the (Ofman 1996) . heating occurs within a hollow tubular shell. This is at odds with softÈX-ray observations that show that loops contain appreciable hot plasma throughout their volumes (e.g., See et al. for a presentation of Klimchuk 1995) .
Belie n (1996) how standard resonance absorption models would appear in soft X-rays.
Previous models of resonant absorption have been unable to address the density/heating relationship, because they have treated the coronal loops in isolation from the chromosphere. How might the models be expected to change if the coupling with the chromosphere were properly taken into account ? First, Ðeld lines at the location of resonance would be expected to Ðll with plasma, because they are initially underdense relative to the large heating rate. Second, all other Ðeld lines would be expected to lose plasma, because they are initially overdense relative to the small heating rate. The density proÐle would evolve to resemble the heating proÐle more closely, becoming sharply peaked at a single radial position.
The subsequent evolution is less clear. The modiÐed density structure has two primary e †ects : it changes the "" quasi-mode ÏÏ frequency at which the entire loop tends to resonate, and it changes the location where the ideal Alfve nwave resonance condition, is locally satisÐed.
, One possible consequence is that the entire mechanism breaks down. The loop becomes detuned from resonance, and no signiÐcant heating can be maintained. This is especially likely if the loop is driven over a narrow band of frequencies. Another possibility is that strong heating continues, but at multiple locations that are continually changing with time. We expect the heating to bifurcate spatially, since is no longer monotonic in the self-consistent v A (x) density proÐle, and we expect the location of resonance to move as evolves. Such a situation would produce v A (x) loops that resemble those observed more closely.
This paper reports on our initial investigation of this problem. We adopt the above scaling law relating density to heating in order to approximate the important coupling between the loop and the chromosphere. This allows us to study the spatial and temporal properties of the heating in a self-consistent wayÈthe Ðrst time this has been done. In°2 the basic MHD equations and the coronal-loop heating model are presented. In we present the numerical results°3 The summary and discussion are in°4.
LINEARIZED MHD EQUATIONS AND MODEL

L inearized L ow-b MHD Equations
We solve the time-dependent, compressible MHD equations in the low-b approximation in the following dimensionless form :
where is the viscous force (see
is the driving force (see below), and the 1994),
The above equations are linear within the Ðrst time interval in which the background density remains constant. However, the density is modiÐed according to the heating rate calculated from the solutions in subsequent time intervals (see below). Thus, we solve a quasi-nonlinear system of equations. We use the term "" quasi-nonlinear ÏÏ because our model is not a fully self-consistent nonlinear MHD model. The initial magnetic Ðeld is assumed to be spa-B 0 tially uniform. The physical parameters are the Reynolds number the Lundquist number the
and the Alfve n timescale q r \ 4na2/lc2, q A \ a/v A . In the above deÐnitions, a is the thickness of the loop, is g 0 the compressive viscosity coefficient, l is the resistivity, and and are the density per unit
]1@2 volume and Alfve n speed at the center of the loop, respectively.
The variables in equations and are made dimen-(1) (2) sionless by letting
.3 ] 108 cm s~1, and a \ 108 cm.
In this model the coronal loop is approximated by a slab in which the z-direction is along the longitudinal magnetic Ðeld of the loop, the y-direction corresponds to the azimuthal direction of the loop, and the density inhomogeneity occurs in the x-direction, which corresponds to the radial direction of the loop.
In our quasi-nonlinear low-b MHD model, we assume that the plasma is dominated by magnetic pressure, and that the thermal pressure can be neglected. Then, the equation of continuity (with the rest of the thermodynamic evolution) uncouples from the velocity and magnetic Ðeld evolution. In a typical coronal loop, b \ 1%. We have assumed that in a coronal loop, the background magnetic Ðeld can be approximated by a spatially uniform B 0 \ in conformity with the low-b assumption. We have B 0 e z , also assumed that the loops are smaller than the gravitational scale height, so that gravity can be neglected, there is no background Ñow, and the resistivity and viscosity are spatially uniform.
Substituting perturbations of the form f (x, t)eikyy`ikzz, where and are the perpendicular and parallel normalk y k z ized wavenumbers, respectively, in equations and we (1) (2), obtain the components of the MHD equations, which are solved numerically using a fully implicit di †erencing scheme with a uniform grid spacing. (See Ofman et al. 1994 , 1995 for the components of these equations and more details on the method of solution.) In the present study we have used and If we equate the loop length with the k y \ 0.6 k z \ 0.2. parallel wavelength, then a loop of thickness a \ 108 cm is 1.57 ] 109 cm long. Longer loop lengths would result in smaller and longer heating times et al. and k z (Ofman 1995), could a †ect the evolution of the loop. We leave the investigation of the dependence of the self-consistent heating on loop length for future studies.
The Driver and the Boundary Conditions
Fast waves are driven by the forcing term in the F d x-component of the momentum equation, located in the center of the loop. The fast waves are coupled to the shear Alfve n waves and drive the global-mode resonance. The forcing term is conÐned to a narrow region around x \ 0 so as not to a †ect the heating inside the loop (i.e., FWHM of the forcing-term magnitude is much less then the thickness of the loop). It is given by
where
, generated random number, is the driving-force ampli-F d tude, and W is the Gaussian half-width of the driving-force magnitude. In the present study we have used W \ 0.045 and The value of R is recalculated at every given F d \ 0.08. time interval dt. In the present study dt \ 3.14q A ? *t, where *t is the integration time step. Thus, dt determines the band of frequencies that contain most of the power of the driving spectrum (see also & Rickard Wright 1995). Because of the symmetry imposed by the driver, the solutions are computed in the region (0, with symmetric x max ), boundary conditions at x \ 0 for and and with antiv x B x , symmetric boundary conditions for the remaining variables. At the outer boundary we have followed x \ x max \ 3, & Davila and used exponentially decaySteinolfson (1993) ing boundary conditions, i.e., at the boundary all the variables vary as e~ax, where a \ (k y 2 ] k z 2)1@2. Two di †erent heating rates are discussed in the (1995). paper : heating per unit area of the slab, from equations (4) and below, and heating per unit volume, from the inte-(5) grands of these equations. Resistive heating per unit area in the slab of a given mode is calculated by integrating (k y , k z ) the ohmic dissipation per unit volume in the plasma :
Ohmic and V iscous Heating
where j(x) is the magnitude of the current, and is h r \ j2/S the ohmic heating per unit volume. The viscous dissipation per unit area is given by
where %* is the complex conjugate of the viscous stress tensor for a given mode. The factor of 2 in equations (k y , k z ) and is due to the assumed symmetry of the loop. The (4) (5) viscous dissipation per unit volume is
where and and to simplify the equations, we have set the nondissipating g 3 and stress-tensor coefficients to zero. g 4 2.4. Density in Quasi-static Equilibrium As discussed in the the fundamentally new aspect of°1, this work is the self-consistent treatment of density and heating. Real solar loops respond to heating changes either by "" evaporating ÏÏ or by "" condensing ÏÏ chromospheric material, thereby increasing or decreasing the coronal density. The density stabilizes only when there is an approximate balance between the energy input from heating and the energy losses from coronal radiation and thermal conduction to the transition region. In this quasi-static equilibrium state, the conductive losses are typically about twice as large as the radiative losses, so that (e.g., & KlimPorter chuk 1995)
where Q is the volumetric heating rate, is the coefficient i 0 of thermal conductivity, L is the half-length of the loop, T is the temperature, is the total number density, and "(T ) is o 0 the optically thin radiative-loss function, given by & Gary (Klimchuk 1995) :
3
.46 ] 10~25T 1@3 , 6.55 ¹ log T \ 6.9 . Combining equations and we obtain the scaling (7) (8), law
with The constant C \ 6.0 ] 102 arises from conq \ 5 7 . verting and Q in to normalized units, using
There is a length dependence in the scaling law that we do no show explicitly, because we will apply the law to the individual Ðeld lines (subloops) that make up the larger loop structure, and these Ðeld lines all have the same length. The z-and y-dependence in our model is given by the wavenumbers and In we implicitly assume that k z k y . equation (9) the density is homogeneous in z. This assumption is o 0 consistent with the quasi-steady loop model and with the picture that each resonance heating layer is a thin narrow shell with radial gradients that are much larger than the longitudinal gradients.
We note that the temperature of a loop also responds to changes in the heating, and a similar scaling law can be derived that relates T to Q (and L ). However, the coupling to the resonant-absorption heating mechanism occurs through the density, so temperature variations do not concern us here.
For our model we adopt a total heating rate of the form where and are spatially and tempo-
h r h v rally varying terms resulting from resistive and viscous dissipation (deÐned above), respectively, and is a constant h 0 term that results from an unspeciÐed heating mechanism that maintains the background corona. We set h 0 \ where is the normalized background density, (o r /C)1@q, o r which is roughly 5 ] 10~6 in normalized energy units or an order of magnitude smaller than the combined resistive and viscous heating.
The density response to a heating change is, of course, not instantaneous. A number of factors are involved in setting the timescale, including evaporation rates, cooling rates, etc. We will examine these factors in detail in later work, but for these initial exploratory simulations, we simply assume that the density evolves on a timescale q ss , which is the typical time required for resonance absorption heating to reach a steady state (see & Mouradian Ofman and references therein). In the present model 1996 q ss \ or about 10 sound times (the time it takes for a sound 120q A wave to cross the diameter of a typical coronal loop). Our numerical procedure is to update the density according to after every time interval where Q is averequation (9) 1996) . interval is not consistent with the assumption of quasi-static equilibrium of the loop. Increasing the time interval and taking the same number of time intervals in our model (i.e., the same quasi-nonlinearity) should not signiÐcantly a †ect the Ðnal density and heating proÐles.
To begin our simulation, we adopt an initial density proÐle of the form
where is the normalized background density, or the o r \ 0.1 ratio of the density outside the loop to the maximum density at the center of the loop. The initial density o 0 (x) and the corresponding local Alfve n velocity are shown
Since this density proÐle is inconsistent with the Figure 1 . computed heating, we allow it to decay away and replace it with the self-consistent density proÐle over a period of 5q ss .
NUMERICAL RESULTS
In this section we present the results of the simulations of the self-consistent coronal loopÈheating model. We have used the following dissipation parameters : S \ 104, R 0 \ 560, and As in any numerical simula-R 1 \ 104, R 2 \ 4R 1 . tion, we are limited to Reynolds and Lundquist numbers that are much smaller than the classical solar coronal values of S D R D 1012È1014. In the present model, decreasing the dissipation parameters leads to an increase of the localized volumetric heating rate, and consequently to even larger density enhancements in more closely spaced narrow regions inside the loop (see below).
In the temporal evolution of the viscous and Figure 2 resistive heating rates given by equations and are (4) (5) shown. For typical coronal-loop parameters discussed above, s. Thus, the simulation represents about 40 q A \ 0.41 minutes of evolution. It is evident that the temporal evolution of and are highly correlated, since both result H r H v from the dissipation of Alfve n waves, which are driven by the fast waves generated by the broadband driver. For   FIG. 2 S \ 104, and viscous R 0 \ 560, R 1 \ 104, R 2 \ 4R 1 , heating is more signiÐcant than ohmic heating, which is also the case for coronal active-region conditions. However, the total resonant heating is independent of the total dissipation coefficient et al. Ofman 1994) . In the spatial dependence of the ohmic heating Figure 3 rate per unit volume is shown (i.e., the integrand in h r eq. The snapshots of were taken at three times near the [4]).
h r beginning, middle, and end of the simulation. It is evident that the heating occurs in narrow layers that shift around the loop as the simulation evolves. Thus, because of these motions of the heating layers, the time-averaged loop will appear to be more uniformly heated. In we see a Figure 4 similar structure for the viscous heating per unit volume h v (the integrand in
The location of the peaks at the eq.
[5]). time of each snapshot is di †erent, and in general, the peaks are not at the same location for ohmic and viscous dissipation, because of the complex structure of the viscous stress tensor, i.e., the gradients of the velocity and of the magnetic Ðeld components are out of phase.
In the spatial dependence of the density is Figure 5 o 0 (x) shown for the above three times during the simulation. It is evident that the density structure is Ðlamentary at any given time. Furthermore, these Ðlaments move around the loop because of the motions of the resonant layers and the motions of the corresponding heating layers, as described above. It is interesting to note that the magnitudes of the density peaks vary considerably with time. the peak density is about a factor of 2 t \ 2.8 ] 103q A , larger than at or at The t \ 9.4 ] 102q A t \ 5.6 ] 103q A . thick solid curve represents the density averaged over the simulation run. The time-averaged density proÐle is smoother than individual snapshots and is similar to the initial loop structure. In addition, the e †ective cross section of the loop is larger than in the initial state by about 50%. The density enhancement in the center of the loop (near x \ 0) results from heating at the location of the driver.
is devoted to the temporal evolution of the x- Figure 6 averaged density ; i.e.,
The solid SoT \ / 0 xmax o 0 (x)dx/x max . line is for the broadband (random) driver, while the dashed line is for a single-frequency driver (u \ 0.317, which is the global mode of the initial conÐguration). The graph consists of short segments of duration (or about 50 s for q ss \ 120q A typical coronal-loop parameters), during which the density structure is Ðxed (quasi-static approximation). Note that for the single-frequency driver, the density dissipates away within (B14 minutes), since the loop tunes out of 2000q A global resonance with the driver, and the resonant wave heating ceases. However, when the more realistic broadband driver is present, the x-averaged density is maintained at signiÐcantly above the background level throughout the duration of the simulation. In the solar corona the density FIG. 6 .ÈTemporal evolution of the x-averaged density for simulations of the broadband driver (solid line) and a single-frequency driver (dashed line). The broadband-heatingÈdriven density is maintained signiÐcantly above the background level throughout the simulation. The singlefrequency heating tunes out of resonance, and the density decays to nearly background level. structure of the loop would depend on the available energy in the resonant Alfve n wave spectrum and on the loop parameters. However, from our model it is evident that a broadband spectrum is required to maintain the density of the loop, and that the density structure is Ðlamentary and dynamic.
We have also performed runs with smaller dissipation than in the above cases and found qualitatively similar results. When the dissipation is decreased, the dissipation layers become narrow, since the width of the dissipation layers scales as v1@3, where (e.g.,
This leads to the formation of 1987 ; Ofman 1994). more closely spaced, narrow density layers with higher peak density values than in above, which results in Figure 5 larger average density of the loop.
SUMMARY AND DISCUSSION
We model the e †ect of heating caused by resonant absorption of Alfve n waves on the time-dependent density structure of a coronal loop in quasi-static equilibrium. We combine a linear resonant absorption model with the scaling law of quasi-static heating in order to study the e †ects of coupling with the chromosphere. This is the Ðrst self-consistent treatment of resonant absorption in a more realistic solar setting than that of earlier models.
We Ðnd that the single-frequency Alfve n wave driver leads to initial density enhancement at the resonant layers. However, as the loop detunes from resonance, it cools rapidly, and the heating ceases. We Ðnd that a random (i.e., broadband) spectrum of Alfve n waves is required in order to sustain signiÐcant density enhancement in the model coronal loop. The changes in the density structure of the loop resulting from heating and cooling lead to resonances of di †erent parts of the driving spectrum with the loop structure. Thus, the time-averaged density is signiÐcantly enhanced over the background.
The loop density structure fragments into many narrow and closely spaced density enhancements, each corresponding to a resonant heating layer. The density structure is dynamic, with the peak density regions shifting around the loop and varying in magnitude as the simulation evolves. The time-averaged density structure is more uniform and resembles that of the initial loop structure. The heating rate and the density increase with the energy contained in the Alfve n wave spectrum. When smaller dissipation coefficients are used, the density appears even more Ðlamentary, with larger amplitude peaks that lead to even larger average loop density.
Observational Their model is similar to the one presented here in that the heating is both spatially and temporally intermittent within the loop. However, Cargill & Klimchuk emphasized the details of the cooling process and did not specify a particular heating mechanism. They nonetheless found that the Yohkoh observations could be reproduced by the model only if the Ðlling factor was small.
The main implication of our modelÏs results for the solar active region loops is that the loop density structure can be sustained by resonant absorption, provided that a broadband frequency driver is present. The frequency range of the driver must cover the possible resonant frequencies of the loops. In addition, sufficient energy must be contained in the driving spectrum. The magnitude of the energy required to sustain a dense coronal loop is determined by the heating and cooling rates of the loop. It is also evident from the simulation that the hot plasma density is Ðlamentary and dynamic on a timescale of minutes (as observed in brightening loop). However, the loops will appear more uniform on larger spatial scales and longer timescales. This work was supported by NASA grant 879-11-38, the NASA Space Physics Theory and High Performance Computing and Communication Programs, and by NASA contracts NAS 8-37334 and DPR W-18813 (J. A. K.). We would like to thank the referee for his valuable comments, which helped to improve this paper.
